mechanisms and participating trans-acting factors remain largely unknown.
is protected by the bridging complex against shortening ments in NIH 3T3 cells using the transcriptional pulsing approach (Shyu et al., 1996) . Because the mRNAs were before the message bearing the mCRD is translated. Following translation initiation and subsequent ribotransiently transcribed from the c-fos promoter following serum induction of quiescent NIH 3T3 cells, they were some transit, this bridging complex is disrupted, leading to poly(A) removal and subsequent decay of the RNA homogeneous in size. This made it possible to monitor poly(A) shortening as a function of time by Northern blot body. In support of this model, we have used RNAaffinity chromatography to purify a group of proteins analysis . Previously, we showed that a hybrid message (BFB), that associate specifically with the mCRD. We further showed that these proteins form a multiprotein complex.
composed of the 5Ј and 3Ј UTRs from the stable ␤-globin mRNA and the protein-coding region from the labile Our data provide insights into a mechanism by which RNA turnover is coupled to translation, and reveal an c-fos mRNA, decays rapidly (Figures 1A and 1B; also see Shyu et al., 1991) . Further swapping between the active role for the poly(A) tail in cytoplasmic mRNA turnover.
␤-globin and c-fos transcripts identified a 320 nucleotide (nt) region located in the central portion of c-fos coding region as the major coding-region determinant of instaResults bility (mCRD, previously known as CRDI-1; Chen et al.,
1992; Schiavi et al., 1994). The mCRD alone reduced Spacing between the c-fos mCRD and the poly(A) Tail Determines the RNA Destabilizing
the half-life of the ␤-globin mRNA from over 10 hr to ‫1ف‬ hr when inserted in-frame into the ␤-globin coding Function of the mCRD All cytoplasmic mRNA decays described in this study region ( Figures 1A and 1B, BBBϩmCRD) . Surprisingly, when the 450 nt c-fos coding sequence immediately were determined by carrying out time course experi-downstream of the mCRD was deleted from BFB transcript, the resulting mRNA decayed very slowly ( Figures  1A and 1B, BFB⌬C1 ). This suggested that either the 450 nt c-fos coding region downstream of mCRD contains a potent destabilizing element, or that sequence of the 450 nt region functions as a spacer required for the mCRD destabilizing function.
To test these possibilities, a 334 nt sequence corresponding to the C-terminal coding region of the ␤-globin mRNA was inserted in-frame and immediately downstream of the mCRD in BFB⌬C1 to create FBxcd1 (Figures 1A and 1B) . The FBxcd1 mRNA decayed as rapidly as the BFB message, showing that an irrelevant coding sequence was able to substitute for the 450 nt C-terminal coding sequence of c-fos to restore the destabilizing ability of mCRD. To further substantiate this result, the C terminus of ␤-globin coding region was replaced with the 450 bp C-terminal region of c-fos. The resulting message ( Figures 1A and 1B, FBxcd2 ) exhibited little decay, indicating lack of destabilizing function in this region. The mCRD thus requires a downstream coding sequence for its destabilizing function, and this downstream sequence appears to function simply as a spacer.
To determine the minimal size of downstream spacer required for the mCRD destabilizing function, three individual in-frame deletions were made in the BFB gene to shorten the C-terminal 450 bp coding region of c-fos to 250, 150, and 90 bp, creating respective BFB⌬C4, BFB⌬C3, and BFB⌬C2 constructs ( Figures 1C and 1D) . The results ( Figures 1C and 1D) showed that the halflife of the mRNA was inversely proportional to the length of coding sequence downstream of the mCRD. The no- Shortening the coding region downstream of mCRD reduces not only the distance between mCRD and the decayed as rapidly as both the FBxcd3 and FBxcd4 stop codon, but also the distance between the mCRD mRNAs. Taken together, these results ( Figures 1C, 1D , and 3Ј poly(A). Therefore, we investigated which of these and 2) demonstrated that a minimal spacer of ‫032ف‬ nt distances was critical. We reasoned that if the distance between the mCRD and the poly(A) tail is required for from the mCRD to the poly(A) tail, but not to the stop the 320 nt mCRD to exert its destabilizing function. codon, is important, converting the 450 nt c-fos C-terminal coding region present in the FBxcd3 message (Fig- Mapping of the Minimal Functional Element ure 2A) into an untranslated segment should not change in the c-fos mCRD the lability of the message. Thus, a translation stop coAs part of an effort to identify and purify participating don was introduced immediately downstream of the protein factors, we set out to map the minimal functional mCRD in the coding region of the FBxcd3 construct. The element within the mCRD. Previously, we showed that resulting message had the same lability as the FBxcd3, deleting either the 5Ј 87 nt region or its immediate downindicating that the distance between mCRD and the stream 223 nt region from the mCRD rendered the mCRD poly(A) tail is critical (Figure 2, FBxcd4) . To further subnonfunctional (Chen et al., 1992) . As shown in Figure 3 , stantiate this result, the antisense of the 450 nt c-fos when the 87 nt region alone was inserted in-frame into C-terminal region was inserted into the 3Ј UTR of the the coding region of ␤-globin mRNA, the resulting mesBBBϩmCRD⌬C message (Figure 2A ) to restore the dissage, BBBϩcd87, was as stable as the wild-type ␤-glotance between the mCRD and the poly(A) tail without bin mRNA. However, knowing the requirement for a minichanging the distance between mCRD and translation stop codon. The resulting transcript (Figure 3, FBxcd5) mal distance between the mCRD and the poly(A) tail, we tested whether the 223 nt sequence downstream a bridging complex involving RNA-protein interactions. of the 87 nt region simply served as spacer and thus Such a complex could conceivably prevent deadenylacould be replaced by an irrelevant sequence. When a tion and RNA decay prior to translation, and transla-314 nt coding sequence from the rat GAPDH gene codtionally coupled mRNA decay might be explained by ing for a stable message was inserted in-frame and ribosome transit causing disruption of the bridging comdownstream of the 87 nt region, the resulting mesplex. This concept of a bridging complex involves prosage decayed rapidly with a half-life comparable to teins which bind to the poly(A) tail and to the mCRD, as BBBϩmCRD (Figure 3, BBBspcϩcd87) . In contrast, the well as proteins that link mCRD binding proteins to the GAPDH sequence alone had no destabilizing effect (Figpoly(A Figure 4C, lanes 2 and 4) , demonstrating that all the 2, 3, 6, and 7), demonstrating the feasibility of using the 5Ј-biotinylated 24 nt purine sequence for purification. mCRD binding activities in the crude cytoplasmic lysate were purified. To further show that this group of proteins We then purified mCRD binding proteins from the HeLa cytoplasmic extract ( Figure 4B ). We included one were copurified because of their specific association with the 24 nt purine sequence and not due to nonspeextra step to further reduce nonspecific protein binding: preincubating the cytoplasmic extracts with streptavidin cific RNA tethering, the RNA-affinity chromatography was repeated using lysate pretreated with micrococcal agarose beads prior to the RNA-affinity chromatography ( Figure 4B, compare lanes 1 and 2 with lanes 4 and 5) .
nuclease to destroy cellular RNAs as indicated by degraded rRNAs ( Figure 4D ). This nuclease treatment had Five well-separated bands of 37, 62, 65, 78, and 93 kDa Western blot analyses were carried out using ECL kit (Amersham). from NIH 3T3 cells has been described previously (Peng et al., 1998) .
The blots were probed with specific antibodies as described in the Culturing and preparation of cytoplasmic lysates from human HeLa figure legends. The mAb against the human PABP (10E10; mouse cells were performed as described previously (Zapp and Berget, IgG) was kindly provided by G. Dreyfuss. The rabbit polyclonal anti-1989) with a few changes. Briefly, cytoplasmic lysates were prebody against the human NSAP1 was kindly provided by C. Astell. pared from HeLa cells by lysis at 4ЊC in a hypotonic lysis/extraction The rabbit polyclonal antibody against the C-terminal domain of buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM hnRNP D was kindly provided by N. Maizels. The polyclonal antibody KCl, 0.5 mM dithiothreitol (DTT), 5 g/ml of aprotinin, 10 g/ml of against the Unr was raised in rabbit by injecting purified Unr proteins. leupeptin, 1 g/ml of Pepstatin A, and 100 g/ml PMSF. Nuclei were The anti-HuR mAb (mouse IgG) was kindly provided by J. A. Steitz. removed by centrifugation (2000 ϫ g) at 4ЊC for 15 min. Protein
The rabbit polyclonal antibody against the PAIP1 was as described concentration was analyzed by the BCA protein assay reagent acpreviously (Craig et al., 1998). cording to the manufacturer's protocol (Pierce).
Coimmunoprecipitation reactions were performed with anti-PAIP1 or preimmune serum (Craig et al., 1998) . The HeLa cytoplasmic lysates with or without micrococcal nuclease treatment Analysis of RNP Interactions RNA probes synthesized and binding reactions performed in vitro were precleared with protein G Sepharose beads (Amersham-Pharmacia) and then subjected to immunoprecipitation at 4ЊC with antiwere as described previously (Chen et al., 1992 ) with minor modifications. The final volume for binding reaction was 10 l. Cytoplasmic bodies. Immunoprecipitates were directly resuspended in SDS loading buffer, run on SDS-PAGE (9%), and analyzed by Western blot lysate (5 g of protein, about 1.4-1.7 ϫ 10 4 equivalent of cells) and 32 P-labeled RNA (1 ng) were incubated at room temperature for 15 analyses using specific antibodies as described in the legend to Figure 5 . min. Subsequently, unbound RNA was digested for 20 min by RNase A (500 g/ml final) at room temperature. RNP complexes were resolved in nondenaturing low-ionic-strength 6% polyacrylamide gels. Acknowledgments UV cross-linking experiments were carried out as described previously (Chen et al., 1992) .
We 
